Silicide-based thermoelectrics are examples of cost-efficient and environmentally friendly new energy materials, which can be used for power-generation applications in the range of 500-800 K. We review the research focusing on the exploration of n-type Mg 2 IV-based solid solutions (IV = Si, Ge and Sn) and summarize the most prominent discoveries achieved so far in their studies. Owing to their superior performance compared to other silicides, including p-type Mg 2 IV, higher manganese silicides (HMS) are commonly considered as a suitable p-type material to be used in thermoelectric modules in conjunction with n-type Mg 2 IV-based solid solutions for mid-temperature power-generation applications. We describe the strategies used to improve the thermal and electronic transport properties of n-type Mg 2 IV-based solid solutions and mention some key features of HMS. We also point out the importance of mechanical properties and thermal stability of this family of materials and offer perspectives on the future research work to further improve their performance.
INTRODUCTION
Thermoelectric (TE) energy conversion, which can achieve the direct and reversible conversion between heat and electricity, provides for a wide range of applications in the area of waste-heat recovery, refrigeration and high-precision temperature control [1, 2] . Hence, TE materials present an important alternative for the effective use of energy and, as such, have attracted much attention in the field of renewable energy technologies. The efficiency of TE energy conversionη is critically dependent on the dimensionless figure of merit ZT, defined as ZT = S 2 σ T/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature and κ is the thermal conductivity. The term S 2 σ is known as the power factor (PF), while the total thermal conductivity, κ = κ e + κ L + κ bi , includes contributions from the electronic (κ e ), lattice (κ L ) and bipolar(κ bi ) heat conduction [3] . In order to achieve high ZT andη, TE materials should possess high S for large power output, high σ for reduced Joule heat loss and low κ for maintaining a large temperature gradient [4] .
In the past two decades, several strategies have been explored to improve the PF and reduce the lattice thermal conductivity so that the ZT could be enhanced. Among them, concepts such as phonon-glass-electron-crystal [5] [6] [7] [8] , carrier doping [9] [10] [11] , nanostructuring [12] [13] [14] [15] [16] [17] , modulation doping [18] [19] [20] [21] , electron-energy filtering [22] [23] [24] , band-structure engineering [25] [26] [27] [28] , quantum confinement effects [29] [30] [31] and band convergence [32, 33] were found particularly useful. The above strategies led to the development of several classes of thermoelectric materials with ZT values exceeding the previously difficult-to-attain value of unity. They include modified PbTe-based materials [34] , SnTe-based materials [35] [36] [37] [38] [39] , Bi 2 Te 3 -based materials [12, 40] , skutterudites [8, 41] , Mg 2 IV(IV = Si, Ge and Sn)-based systems [33, 42, 43] , half-Heusler alloys [44, 45] , Si 1-x Ge x alloys [20] , clathrates [46] and Zintl phase materials [47] , all with readily reproducible ZT > 1.0. Most recently, new physical concepts and synergistically applied strategies have resulted in the development of state-of-the-art materials having ZT > 1.5. Examples include superionic [48] , all-scale hierarchical structures based on PbTe [49] , SnSe with its strongly anharmonic and anisotropic lattice bonding [9, 50, 51] , as well as CoSb 3 , having multiple electronic carrier pockets at the Fermi level [8, 52] . From the practicalapplication aspects, TE materials should be thermally stable at their intended operational temperature, and should be synthesized from chemical elements that are cheap, earth-abundant and environmentally friendly. From this perspective, several aforementioned families of materials may not be attractive for large-scale applications, especially if they contain rather rare and expensive Te or environmentally objectionable and poisonous Pb.
Silicide-based TE materials, consisting of earth-abundant and non-toxic elements, have attracted sustained attention for their potential power-generation applications in the temperature range of 500-800 K. Among all semiconducting silicides, Mg 2 IV-based materials and higher manganese silicides (HMS) are the most popular choices due to their promising n-type and p-type TE performance, respectively. Currently, the highest ZT values obtained with the n-type and p-type Mg 2 IV-based materials near 800 K are about 1.5 and 0.7, respectively [53, 54] , while the highest ZT obtained with the p-type HMS is close to unity [55] [56] [57] . The charge-carrier concentration of most of these silicides can be tuned to the ideal level through appropriate doping, leading to significantly enhanced electronic properties and, hence, the ZTs. New synthesis methods promoting improved TE performance as well as simplified and more economically viable batch production, such as melt spinning [58] , self-propagating high-temperature synthesis (SHS) [59] and ball milling [60] have proved very effective.
In Mg 2 IV, the isovalent substitution of Si by Ge and/or Sn results in the formation of ternary and/or quaternary solid solutions, leading to remarkably reduced values of κ L and modified electronic transport [61] . Adjusting the Si/Ge/Sn ratio in Mg 2 IV also modifies the electronic band structure of the material and, more specifically, gives rise to a convergence of the two nearby-lying conduction bands [33, 62] . Consequently, the outstanding ZT values in n-type Mg 2 IV are due to synergistic benefits arising from alloy scattering yielding a reduced κ L , from optimized carrier doping promoting high values of σ and from band convergence resulting in enhanced values of the Seebeck coefficient S.
In this review paper, n-type Mg 2 IV-based materials were chosen as a representative family of silicides on which to illustrate the effectiveness of various strategies to optimize the TE performance. Specifically, this review paper summarizes the most prominent research results obtained so far with n-type Mg 2 IV-based materials, and includes topics such as the synthesis method, the band-structureengineering approach, the optimal carrier doping, as well as the more technologically relevant issues, such as the mechanical properties and the thermal stability. We also provide a brief account of the basic properties of HMS.
SYNTHESIS OF MG 2 IV-BASED SOLID SOLUTIONS
Mg 2 IV(IV = Si, Ge and Sn)-based materials all crystallize in the antifluorite structure (cubic, space group Fm-3 m), where IV 4-ions occupy the facecentered cubic sites and Mg 2+ ions fill in the center of tetrahedrons formed by IV 4-ions [63] . Due to the same crystal structure and the very close lattice parameter, Mg 2 Si, Mg 2 Ge and Mg 2 Sn can form solid solutions among each other. Continuous solid solutions exist in the entire composition range of the Mg 2 Si 1-x Ge x system [64] . However, solid solutions have a limited composition range in the Mg 2 Si 1-x Sn x and Mg 2 Ge 1-y Sn y systems. In Mg 2 Si 1-x Sn x , solid solutions are believed to form only for x < 0.4 and x > 0.6, while, in Mg 2 Ge 1-y Sn y , the range of solid solubility is estimated to cover compositions with y < 0.3 and y > 0.8 [65, 66] . Thus, the preparation of Sn-based solid solutions is rather difficult and is strongly dependent on the composition and temperature.
This section will focus on the preparation of Sn-based solid solutions, i.e. ternary Mg 2 Si 1-x Sn x and Mg 2 Ge 1-y Sn y as well as quaternary Mg 2 Si 1-x-y Ge x Sn y , due to their excellent TE performance. These Sn-based solid solutions possess a superior TE performance to Mg 2 Si 1-x Ge x , which is due to some favorable features in the band structure and a greater mass contrast between Si and Sn than between Si and Ge, resulting in a lower lattice thermal conductivity [67] . Various synthesis processes to prepare bulk Mg 2 IV-based materials have been developed since the 1950s, each with their own advantages and a scope of applications. Table 1 summarizes several typical synthesis methods used to prepare bulk Mg 2 IV-based materials. In general, successful preparation of binary Mg 2 IV should avoid phase non-uniformity in the final product due to insufficiently reacted constituent elements, while, in addition to this requirement, the fabrication of Sn-based ternary and quaternary solid solutions requires an appropriate annealing temperature and holding time to promote the formation of a solid solution between the binary components. Another challenge to obtaining ideal Mg 2 IV-based materials is the high vapor pressure and reactivity of elemental Mg at elevated temperatures, which may lead to non-stoichiometric compositions and the formation of MgO impurities in the material [68] . Melting methods, as the traditional approach, are often employed for the synthesis of Mg 2 IVbased materials. Yoshinaga et al. [69] have demonstrated that Mg 2 Si single crystals could be derived from a stoichiometric melt of Mg 2 Si using a vertical Bridgman method, with the initial Mg/Si ratio of 70/30. Other research groups reported the synthesis of polycrystalline Mg 2 Si 1-x Sn x solid solutions by the melting method, followed by a long annealing treatment to achieve compositional homogeneity [42, 70] . Although this method is very simple and the prepared Mg 2 Si 1-x Sn x solid solutions possess excellent ZT values (ZT ≥ 1.1), there are some drawbacks that impede its wide application. First, it is rather difficult to obtain stoichiometric and high-purity Mg 2 IV-based materials by the melting method due to the inevitable and serious evaporation of Mg at high temperatures as well as the large difference in the melting point of the constituent elements (Mg: 923 K, Si: 1687 K, Ge: 1211 K and Sn: 505 K) [68, 71] . Second, peritectic reactions upon cooling and the difficulty to precisely control the composition lead to poor reproducibility of the final product [72, 73] . The effective way to mitigate these negative factors is to lower the synthesis temperature of the Mg 2 IV-based materials. To do so, Liu et al. [74] developed a two-step solid-state reaction method to synthesize Mg 2 IV-based materials between 873 and 973 K. Using this approach, the composition was controlled precisely, reproducibility was assured and very good TE properties were obtained in the ternary Mg 2 Si 1-x Sn x and quaternary Mg 2 Si 1-x-y Ge x Sn y systems [75, 76] . The relatively low reaction temperature as well as carefully carried-out mixing and grinding under an inert atmosphere were the key points to realize precise composition control and to avoid undesirable oxidation of Mg in Mg 2 IV-based materials. Thus, fabricated samples provided an ideal testing ground to investigate the influence of composition (i.e. x and y values), the content of Mg, as well as the optimal amount of Sb/Bi dopants on the TE performance [33, [76] [77] [78] . An important modification of the synthesis process was made by Gao et al. [79] [86, 87] , SHS [88] and the one-step spark plasma sintering process [89] , have also been developed and applied to the synthesis of Mg 2 IVbased materials, resulting in excellent TE properties. Zhang et al. [87] found out that the chief advantage of the MS process was the uniformity and homogeneity of the rapidly cooled material (thin and long ribbons subsequently powdered), which provided an excellent pre-product prior to sintering, ultimately yielding a highly homogeneous composition of the sintered ingots and competitive TE performance. The other two fast synthesis methods turned out to be suitable for preparing Mg 2 Si, while attempts to synthesize Sn-rich solid solutions were not successful [88, 89] .
BAND-STRUCTURE ENGINEERING APPROACH TO ENHANCE THE TE PERFORMANCE OF MG 2 IV-BASED SOLID SOLUTIONS
According to various reports, binary Mg 2 IV compounds have very similar band-structure characteristics: the edge of the conduction band is composed of a heavy conduction band (C H ) and a light conduction band (C L ) with a band offset of E 0 . In Mg 2 Si and Mg 2 Ge, the lower-lying C L band is mainly formed from the hybridized 3p orbital of Mg with s-orbital and d-e g orbital of Si/Ge while, in contrast, in Mg 2 Sn, the lower-lying band is the C H band composed of the hybridized Mg 3p orbital and the d-t 2g orbital of Sn [42, 84, 90, 91] . Therefore, it is feasible to realize an effective overlap (valley degeneracy) of C H and C L bands by selecting an appropriate composition of Mg 2 IV-based solid solutions, i.e. judiciously choosing the relative ratio of Si/Ge/Sn. As sketched in Fig. 1 , adjusting the Sn content in the ternary Mg 2 Si 1-x Sn x and Mg 2 Ge 1-y Sn y solid solutions leads to a specific movement of C H and C L bands, with the band convergence predicted to occur in Mg 2 Si 1-x Sn x at Sn compositions near x = 0.65-0.70 [33, 62] and in Mg 2 Ge 1-y Sn y at compositions around y = 0.75-0.78 [84] .
Following upon the suggestions by Zaistsev et al. [42, 90, 93] , Liu et al. [33] investigated in detail the influence of the Sn/Si ratio on the convergence of conduction bands in Mg 2 Si 1-x Sn x solid solutions via complementary band-structure calculations and experimental transport measurements. The results showed that the band offset E 0 between C H and C L decreased with the increasing content of Sn, and the two conduction bands coincided in energy at around x = 0.7, as depicted in Fig Reprinted with permission from Ref. [33] . Copyright by the American Physical Society, 2012.
excellent PF of 3.8-4.7 mWm -1 K -2 in the range of 300-800 K, which led to an outstanding ZT max of 1.3 at 750 K, and an average ZT of 0.9 between 300 and 800 K, as shown in Fig. 2d . It is noteworthy that the band convergence can be achieved for a wide range of carrier densities, as indicated in Fig. 3a , which is distinctly different from the band-resonant concept that requires the Fermi level to be pinned exactly to the resonant energy level [28, 94] .
Recent investigations have indicated that, in the Mg 2 Si-Mg 2 Ge-Mg 2 Sn system, the positive effect of band convergence on the electronic transport is universal. In Mg 2 Ge 1-y Sn y , the two conduction bands converged at around y ≈ 0.75 [92] -a slight difference from the value x ≈ 0.7 in Mg 2 Si 1-x Sn x [33, 62] . This is not surprising because the band structure of Mg 2 Ge is very similar to that of Mg 2 Si [67] . Studies of the conduction bands crossing in the Mg 2 Si 0.3 Sn 0.685 Sb 0.015 -Mg 2 Ge 0.22 Sn 0.765 Sb 0.015 system have indicated that the PF would decrease when the actual sample composition was off the optimal band-crossing composition due to the fact that the carrier concentration was no longer optimal in both conduction bands [84] .
Various studies confirmed that, in Mg 2 IV-based solid solutions with converged conduction bands, the coincidence of the band edges of the two conduction bands naturally leads to a single parabolic band (SPB) approximation, which is particularly convenient for an evaluation of the electronic transport properties [78, 91, 92, 95] . Liu et al. [78] have demonstrated the predictive power of the SPB model in Bi-doped Mg 2 Si 0.3 Sn 0.7 , where, using a roomtemperature value of m * , the predicted Seebeck coefficient agreed well with the experimental results in the whole temperature range.
Mao et al. [91] simulated the influence of a carrier distribution on the electronic transport by taking Mg 2 Ge 0.25 Sn 0.75 as a case study, and found out that E 0 should be as small as possible in order to achieve the optimal PF in the whole measured temperature range. Clearly, it would be preferable to have the two bands converged in the entire temperature range. However, the band gap is usually temperature-dependent, with its rate of change given by dE/dT [42, 67] . Assuming that E 0 is linearly dependent on the composition, and using experimental values of E 0 and dE/dT, Yin et al. [76] found that E 0 (T) at high temperatures was in the order of 10 meV, comparable to a value of thermal broadening in the Fermi distribution (∼2 k B T). Substituting 5 at.% of Ge on the Sn site would reduce E 0 (T) of Mg 2 (Si 0.3 Sn 0.7 ) 0.98 Sb 0.02 in the range of 500-800 K and, hence, slightly increase the PF in the same range. Based on the available data from different research groups, the ratio of Si/Ge/Sn seems to be the decisive factor governing electronic transport properties of Mg 2 IV-based solid solutions [33, 92] . In comparison, the influence of temperature on the band structure plays a minor role. Besides the band structure, the carrier concentration (doping) also plays a vital role regarding electronic transport properties of Mg 2 IV-based materials; the topic will be discussed in the next section.
CARRIER DOPING AND OPTIMAL CARRIER CONCENTRATION IN MG 2 IV-BASED SOLID SOLUTIONS
Based on the classical transport theory, an increase in the electrical conductivity should lead to a decrease in the Seebeck coefficient. Taking into account that the overall thermal conductivity is also enhanced due to a larger electronic thermal conductivity, to optimize the thermoelectric figure of merit requires identifying the optimal carrier concentration. It turns out that the carrier concentrations for efficient thermoelectric conversion fall in the range of 10 19 -10 21 cm -3 , depending on the specific characteristics of TE materials [3] . Numerous reports on transport properties of n-type Mg 2 Si 1-x Sn x solid [77] . Reprinted with permission from Ref. [77] . Copyright by the American Chemical Society, 2011.
solutions show that, when the carrier concentration is increased from 10 18 cm -3 to 10 20 cm -3 , the electrical conductivity increases by two orders of magnitude, while the Seebeck coefficient decreases only modestly (see Fig. 3a ) and, consequently, the PF can be 10 times larger. Studies at the Wuhan University of Technology [33, 74, 75, 77, 78, [96] [97] [98] Fig. 3b , Liu et al. [33] arrived at an optimal electron-density range of 1.6 × 10 20 ∼2.5 × 10 20 cm -3 , applicable to Mg 2 Si 1-x Sn x (0.2 ≤ x ≤ 0.8) solid solutions. Although the exact optimal electron concentration yielding the maximum ZT max was somewhat dispersed among different compositions of solid solutions, the general trend was consistent [70, 84, 92, [99] [100] [101] . Synthesis routes, apart from having a major impact on the microstructure and homogeneity of the final product, also govern the type and density of native defects, which, in turn, influence the intrinsic carrier concentration of the resulting material [77, 100] . Moreover, given that the Mg 2 IV-based solid solutions are narrowband-gap semiconductors (E g = 0.35-0.77 eV), intrinsic carrier excitations become prominent at elevated temperatures (typically above 700 K), especially for samples having low carrier concentration [42, 67, 78] . Such intrinsic excitation processes are highly detrimental to the thermoelectric performance, as they cause not only a turnaround in the Seebeck coefficient, but also give rise to a progressively rising bipolar thermal-conductivity contribution. Given that one cannot arbitrarily increase the band gap, the only effective counter-measure to mitigate the influence of intrinsic excitations is to enhance the carrier concentration, i.e. to heavily dope the structure. This is one of the reasons why the optimal ZT values in n-type Mg 2 IV-based solid solutions are achieved at relatively high carrier concentrations [33] .
Using first-principles calculations based on the density functional theory (DFT), Tani et al. [102] noted that the formation energy of Sb and Bi substituted on the sites of Si in Mg 2 Si is negative under both Mg-and Si-rich limits, indicating that Sb and Bi impurities should have good solubility in the matrix. As both Bi and Sb atoms have one more valence electron than Si, such substitutions on the Si site should release one electron into the conduction band. Indeed, Sb and Bi are the most popular and effective ntype dopants in Mg 2 IV-based materials. As shown in Fig. 3c , the effectiveness of Sb and Bi doping is close to 100% at low doping amounts [33, 78] . Although Bi is comparably efficient as Sb in tuning the electron density, due to its much larger size, its solubility limit in Mg 2 IV-based materials is much lower than that of Sb. Studies on Mg 2 Si 1-x Sb x and Mg 2 Si 0.4 Sn 0.6-x Sb x have shown that the two matrices can accommodate Sb amounts of up to x ≈ 0.38 [103, 104] , while Bux et al. [83] observed that the solubility limit of Bi in Mg 2 Si was no more than about1.3 at.%. A somewhat larger doping level of Bi, up to 3.4 at.%, was found in ternary solid solutions of Mg 2 Si 1-x Sn x (x = 0.6 and 0.7) [75, 78] . This seems reasonable, since the difference in the ionic radii of Bi 3- and Bi. The electron density of Mg 2 IV-based materials doped with Ca, La and Al reached the upper limit of 1 × 10 20 cm -3 -not enough to achieve the optimal ZTs in n-type Mg 2 IV-based compounds.
Besides doping, the TE performance of Mg 2 IVbased compounds is also strongly related to the type and concentration of intrinsic defects in the crystal lattice. The significant loss of Mg during the synthesis often leads to a deficiency of Mg and the formation of Mg vacancies. Experimental results of Nolas et al. [103] and Dasgupta et al. [107] indicated that a high Sb-doping amount (over 5 at.%) gives rise to the formation of charged Mg vacancies, which tend to reduce the electron density and counteract the effect of Sb doping. This motivated the study of Mg stoichiometry and its deviations in Mg 2 IVbased compounds, which also revealed the dependence on the synthesis process used in the fabrication of the material. More specifically, by varying the content of Mg in Sb-doped Mg 2 Si 0.5 Sn 0.5 solid solutions, it was found that a slight excess of Mg was a prerequisite for excellent electronic properties of n-type Mg 2 IV-based materials [77] . Taking into account the experimentally determined loss of Mg of about 3 at.% in the adopted two-step solidstate reaction process followed by spark plasma sintering of ingots, a good control of Mg stoichiometry was achieved. As shown in Fig. 3d , the electron density of Mg 2(1+z) Si 0.49 Sn 0.5 Sb 0.01 would increase from 2.5 × 10 19 cm -3 to 2.0 × 10 20 cm -3 when the Mg content was varied from the Mg-deficient (z = -0.02) to the Mg-rich (z = 0.07) solid solutions. A similar trend was observed subsequently by Du et al. [100] and Jiang et al. [104] .
Several groups have studied theoretically the native point defects in Mg 2 IV and further clarification of the influence of Mg stoichiometry on the electronic transport properties was made [108] [109] [110] . It was shown that [108, 110] , among all intrinsic point defects in Mg-rich solid solutions, the energetically most favorable one is an interstitial Mg atom. Moreover, the results indicated that Mg interstitials shared electrons with the surrounding lattice-located Mg, modified the charge-density distribution and produced impurity-like energy levels below the conduction band minimum [108] . This finding well supported the experimental results that Mg interstitials formed as a consequence of Mg excess tend to enhance the electron density and shift the Fermi level upwards [77, 100] . In the opposite case of an Mg-deficient structure, the dominant intrinsic defect in Mg 2 IV should be an Mg vacancy, due to its very low formation energy [108, 109] . Again, this result provided a viable explanation for the observed lower carrier concentration in Mgdeficient n-type Mg 2 IV-based materials [77, 103] .
Although the formation of native defects in Mg 2 IVbased materials is a challenging subject that may depend on many factors and clearly requires more detailed studies, the above early work serves as a useful guide for future studies.
Doping by Sb and Bi combined with manipulation of the native defects dominate the control of the charge-carrier concentration in n-type Mg 2 IV-based materials and serve as a tuning knob to obtain the optimal carrier concentration that maximizes the PF. Such an approach was used in achieving, so far, the highest ZTs of 1.4-1.5 in n-type Mg 2 IV-based solid solutions [111] [112] [113] . However, a significant factor in attaining such impressive ZT values was a reduction in the lattice thermal conductivity κ L , the topic that will be reviewed in the next section.
REDUCTION OF κ L IN MG 2 IV-BASED SOLID SOLUTIONS BY MANIPULATING THE COMPOSITION AND MICROSTRUCTURE
To achieve high ZT values in TE materials, a reduction of the lattice thermal conductivity κ L is equally important as an enhancement in the PF. In Mg 2 IVbased materials, two approaches have been generally adopted to reduce κ L , i.e. making compositional manipulations, and tailoring and controlling the microstructure. In the following, we will review these two strategies.
In the early 1950s, Ioffe et al. [114] found out that forming solid solutions was an effective way to improve the TE performance of a material because the lattice thermal conductivity is dramatically diminished on account of strong alloy scattering. At the same time, the formation of solid solutions offers an opportunity to alter the band structure that might be beneficial for improving the PF. The fact that most of the state-of-the-art thermoelectric materials are some form of solid solutions (e.g. PbTe 1-x [32, [115] [116] [117] ) attests to the importance of Ioffe's finding. In the 1960s, early pioneering studies on Mg 2 IV-based solid solutions were carried out by Zaitsev et al. [61, 67] , who found that the κ L of Mg 2 Si 1-x Ge x , Mg 2 Ge 1-x Sn x and Mg 2 Si 1-x Sn x was strongly dependent on the composition and all three systems showed the lowest κ L at x ≈ 0.5, as depicted in Fig. 4a Figure 4b shows a remarkable reduction in the lattice thermal conductivity of Mg 2 Si 0.4 Sn 0.6-x Sb x achieved by Jiang et al. [104] due to a high Sb-doping level and the formation of intrinsic point defects. The sample with x = 0.11 had a lower κ L at high temperatures compared to that of the sample with x = 0.12, because it contained more Mg interstitials in the crystal lattice. Scattering parameter calculations indicated that the mass difference between Mg and Mg vacancy dominated over the difference between Sb and Sn, pointing out a significant role Mg vacancies played in reducing κ L . Over 15% reduction in κ L at room temperature was observed in samples with a large Sb-doping content (x > 0.11) and an increased density of Mg vacancies, as compared to the sample with x = 0.02. In general, compositional variations on the Mg site are promising ways of reducing κ L , although not as effective as substitutions on the anion site where the amount of dopant as well as the mass and size difference of the ions is much greater.
Microstructure modification is another important way one might accomplish a reduction in the κ L of Mg 2 IV-based solid solutions. The approach may be divided into two categories. A second-phase structure can be introduced as a result of peritectic reactions according to the phase diagram or via phase segregation. In addition, non-equilibrium preparation methods, such as ball milling followed by rapid sintering, can be utilized to obtain a finestructured material.
Making use of the peritectic reaction at 1130 K and the miscibility gap in the pseudo-binary phase diagram of Mg 2 Si-Mg 2 Sn, Zhang et al. [99] fabricated a unique composite material Mg 2-x La x Si 0.58 Sn 0.42 (0 ≤ x ≤ 0.015), in which Si-rich bulk grains were in-situ coated by thin layers of a Sn-rich material, and the Sn-rich grain boundary phase was selectively doped with La. The thickness REVIEW Liu et al. 9 of the Sn-rich layer was in the range of hundreds of nanometers, while the size of the bulk grains was ∼10 μm. A low κ L of ∼2.3 Wm -1 K -1 was obtained in the undoped sample at room temperature, and the σ /κ ratio was increased by a factor of 17 after doping with 0.5 at.% of La. Recently, Yin et al. [120] demonstrated the formation of in-situ nanostructures with different compositions and distribution patterns can be achieved in solid solutions of Mg 2.16 (Si 0.3 Sn 0.7 ) 0.98 Sb 0.02 via quenching the powder prepared by a solid-state reaction at different peritectic reaction temperatures (e.g. 837 K, 900 K and 1130 K). Nanosized Si-rich agglomerates were observed when quenching at 900 K, while homogeneously distributed Sn-rich nano-precipitates of uniform size were present after quenching at 1130 K. Only the uniformly dispersed Sn-rich in-situ formed precipitates of nanometer-scale may significantly enhance the boundary scattering of phonons and, indeed, a 10% decrease in κ L in the range of 300-600 K was observed compared to samples containing Si-rich agglomerates. Thus, quenching at peritectic temperatures is an effective approach to design the desired in-situ nanostructures.
Besides peritectic reactions, phase segregation is the other possible route of forming unique microstructures, utilizing the miscibility gap in Mg 2 Si 1-x Sn x (0.4 ≤ x ≤ 0.6) and Mg 2 Ge 1-x Sn x (0.3 ≤ x ≤ 0.8). As reported by Liu et al. [98] , a significant number of nanosized Sn-rich phases were observed to precipitate out of the matrix of the Mg 2.16 (Si 0.4 Sn 0.6 ) 1-y Sb y (0 ≤ y ≤ 0.025) system. The lattice thermal conductivity of the prepared Mg 2 Si 0.4 Sn 0.6 was even smaller than that of Mg 2 Si 0.5 Sn 0.5 (the greatest disorder between Si and Sn), which was attributed to the enhanced phonon scattering by nanostructures.
The use of non-equilibrium preparation techniques is another important approach to manipulate the microstructure of Mg 2 IV-based solid solutions. Wang et al. [121] studied theoretically the correlation between κ L and the size of nanoparticles in Mg 2 IV-based solid solutions, and found that a fraction of 3.4 % of nanoparticles could potentially lead to a reduction in κ L of ∼60% at 300 K and ∼40% at 800 K, with an optimal particle size of a few nanometers. Recently, Bellanger et al. [122] prepared nanostructured Mg 2 Si 0.4 Sn 0.6 solid solutions composed of grains with the size below 200 nm and finely distributed Sn-rich nanoparticles by mechanical alloying combined with spark plasma sintering. Thus, prepared samples showed an ultra-low room-temperature thermal conductivity of less than 1.2 Wm -1 K -1 . A semi-quantitative model was developed to capture the different contributions to phonon-scattering processes arising from the nano/microstructural parameters and it was suggested that the most efficient way to decrease κ was to prepare samples with a small grain size instead of nanoparticles [122] . However, the major drawback following such a suggestion would be appreciable grain growth under the thermal load.
Although κ L could be reduced through the formation of intrinsic point defects and by introducing nanostructures in the matrix, alloying, i.e. substituting Ge and/or Sn on the Si site, is still the most effective approach. To consider power-generation applications of Mg 2 IV-based solid solutions, apart from excellent TE properties, they must be mechanically robust and thermally stable at the intended operational regime, too. Before we discuss the mechanical properties and the thermal stability of n-type Mg 2 IVbased solid solutions, we will briefly introduce some fundamental issues pertaining to p-type HMS.
HMS AS EFFECTIVE P-TYPE MATERIALS
Efficient operation of a thermoelectric module requires having both n-and p-type thermoelectric elements. P-type HMS are superior to p-type Mg 2 IVbased materials on account of their relatively higher ZT values as well as more robust mechanical properties. Hence, p-type HMS are good choices to combine with efficient n-type Mg 2 IV-based materials for the construction of TE modules. Here, we summarize key issues relevant to properties of p-type HMS, more detailed discussion can be found in two recent publications [55, 56] .
HMS, exemplified by MnSi 1.70+δ with δ = 0.01-0.05, represent a series of Nowotny chimneyladder phases, consisting of a square-arranged Mn sublattice and a 'ladder' sublattice of pairs of Si atoms forming two coupled helices inside the chimney [123] [124] [125] [126] . Early studies of HMS were conducted on single crystalline specimens grown by the Czochralski and the Bridgman methods [127] [128] [129] , which contained intermetallic layered precipitates of MnSi. Later on, attempting to prepare polycrystalline HMS materials with stoichiometric composition and without the undesirable MnSi precipitates, different synthesis routes, such as ball milling, induction melting, arc melting, solid-state reaction, melt spinning and thermal explosion, have been employed [130] [131] [132] [133] [134] . Recently, Girard et al. [135] have reported that high-purity MnSi-free single crystals of HMS could be synthesized by the chemical vapor transport method. However, the MnSi phase would precipitate from the HMS during the consolidation process due to the unstable nature of MnSi at high temperatures. Compared to the growth of single crystals, the preparation of polycrystalline HMS has significant advantages of reduced cost and better mechanical properties. Undoped HMS are p-type semiconductors with the highest reported ZT values in the range 0.3-0.65, depending on the particular form of MnSi and its composition [55, 133] . Homogeneous phase composition and the finely dispersed MnSi second phase could contribute to improved thermal and electronic transport properties and lead to increased ZTs [133] . HMS are often doped with Al, Ge, Cr, Re, Ru, W and other elements to improve their p-type TE performance [55] [56] [57] [136] [137] [138] [139] [140] [141] [142] . The aim of doping is not only to tune the density of holes close to its optimal level, but also to significantly reduce the lattice thermal conductivity by enhancing phonon scattering from point defects. An improved ZT value of close to unity can be achieved by single or double doping, or by sophisticated multi-doping, although the exact optimal carrier concentration is still unclear [55] [56] [57] 143] . Further improvements in the ZT of HMS will likely come from synergistic efforts to engineer electronic bands, the use of effective multi-doping schemes and the optimization of the microstructure.
IMPROVED MECHANICAL PROPERTIES AND THERMAL STABILITY IN MG 2 IV-BASED SOLID SOLUTIONS IN RELATION TO HMS
Mg 2 IV-based compounds are fragile and require delicate handling during sintering and cutting/polishing processes in order to avoid cracks in the bulk ingots. Gelbstein et al. [144] and Gao et al. [111] showed that [144] . Thus, it is very challenging to fabricate TE devices from Mg 2 IV-based solid solutions due to their poor mechanical properties. Only after significant improvements in the mechanical properties of Mg 2 IV-based solid solutions are made can one seriously contemplate fabrication of thermoelectric modules based on these materials. Current efforts to improve the mechanical properties of Mg 2 IV-based solid solutions focus on strengthening the structure by introducing SiC additives to the matrix [145, 146] . This is often done during the ball-milling stage of fabrication that is followed by spark plasma sintering to consolidate the material [147] [148] [149] . Schmidt et al. [145] have shown recently that incorporating 1-2 vol.% of SiC nanoparticles into Mg 2 Si would improve the fracture toughness by about 33%. Although a significant improvement over the pristine Mg 2 Si has been achieved, it is still not competitive with the HMSbased material. Inspired by this work, Yin et al. [146] introduced some SiC nanoparticles and nanowires into the Mg 2 Si 0.3 Sn 0.7 matrix and evaluated the TE performance of their composite samples. Owing to excellent mechanical properties of SiC (the flexural strength of 640 MPa and the fracture toughness of 3.8 MPam 1/2 at room temperature), the compression strength, the flexural strength, the Vickers hardness and the fracture toughness of their SiC-loaded Mg 2 Si 0.3 Sn 0.7 samples were dramatically improved. As shown in Fig. 5a , with the addition of merely 0.8 at.% SiC nanowires, the fracture toughness of Mg 2 Si 0.3 Sn 0.7 was enhanced by about 50% and reached ∼1.35 MPam 1/2 -close to the value characteristic of HMS. In addition, the ability to deflect crack propagation in the structure of SiC/Mg 2 Si 0.3 Sn 0.7 , depicted in Fig. 5b , served as an example of the toughening mechanism giving rise to enhanced mechanical properties. Equally importantly, a small amount of additives had negligible influence on the TE performance of Mg 2 Si 0.3 Sn 0.7 , documented by a peak ZT of 1.20 at 750 K. Since relatively little work has been done on optimizing mechanical properties of Mg 2 IV-based materials, there is still a great prospect for further improvements by exploring potentially better additives and optimizing their size and dispersion in the matrix. With judiciously chosen additives, one might benefit from a simultaneous improvement in both the mechanical and TE properties, as shown recently by Zheng et al. [116] .
Thermal stability is yet another important issue regarding commercialization of Mg 2 IV-based solid solutions. Recently, first steps in this direction were taken by Bourgeois et al. [150] and Skomedal et al. [151] , who studied the thermal stability of Mg 2 Si 1-x Sn x (x = 0.25 and 0.6) between 300 and 673 K. Their results demonstrated that the solid solutions start to decompose and oxidize when the temperature exceeds 630 K. By the way, the decomposition rate of the powders seems much faster than that of the bulk ingots. In their subsequent work, Skomedal et al. [152] found the evidence for high-temperature oxidation of Mg 2 Si 1-x Sn x . The solid solutions exhibited breakaway oxidation in the range of 703-773 K, and the onset temperature of the breakaway region decreased with the increasing Sn content. The breakaway process was described by a combination of the formation of a non-protective MgO layer and the presence of Sn-rich liquid at the interface between the oxide and Mg-depleted Mg 2 Sn. In order to prevent oxidation, researchers applied vacuum packaging or protective coatings (such as Al 2 O 3 and YSZ) [151, 153] . However, Yin et al. [154] pointed out that vacuum packaging may not be the best approach when dealing with Mg 2 IVbased materials, as Mg evaporation is a very serious problem under vacuum conditions, magnified by the formation of β-SnSb in Sb-doped Mg 2 Si 0.3 Sn 0.7 .
As shown in Fig. 6 
OUTLOOK AND SUMMARY
This article provides a review of the most important research advancements regarding thermoelectric properties of n-type Mg 2 IV-based materials and p-type HMS, including the challenging issues related to the material's synthesis, band-structure engineering, optimization of the carrier concentration, reduction of the lattice thermal conductivity, as well as the importance of mechanical properties and the thermal stability of the structure. The particularly prominent points related to these issues are briefly summarized below:
(i) The difficulty in preparing Mg 2 IV-based materials is caused by the high vapor pressure and oxidation of Mg at elevated temperatures. Thus, the solid-state reaction process or ball-milling method exemplified by their much-reduced reaction temperatures are highly beneficial for the precise control of composition and phase structure. While possessing promising thermoelectric properties with ZTs reaching values of 1.4 near 800 K, being lightweight, environmentally friendly, composed of inexpensive and readily available chemicals, further improvements in the TE performance of n-type Mg 2 IV-based solid solutions are needed to make them viable for large-scale industrial applications, such as converting waste industrial heat into electricity. Improvements in the TE performance should go hand in hand with making the material mechanically more robust and improving its thermal stability under operational conditions at elevated temperatures. This is important in order to provide a good match with the mechanically more robust HMS that might serve as p-type legs of silicide-based modules. Other essential research concerns searching for stable and reliable electrode materials and their bonding with the TE elements, the suppression of diffusion at interfaces and the minimization of the contact resistance. These are challenging tasks but well worth tackling by the international thermoelectric community.
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